Prediction of the shocks' arrival times (SATs) at the Earth is very important for space weather forecast. There is a well-known SAT model, STOA, which is widely used in the space weather forecast. However, the shock transit time from STOA model usually has a relative large error compared to the real measurements. In addition, STOA tends to yield too much 'yes' prediction, which causes a large number of false alarms. Therefore, in this work, we work on the modification of STOA model. First, we give a new method to calculate the shock transit time by modifying the way to use the solar wind speed in STOA model. Second, we develop new criteria for deciding whether the shock will arrive at the Earth with the help of the sunspot numbers and the angle distances of the flare events. It is shown that our work can improve the SATs prediction significantly, especially the prediction of flare events without shocks arriving at the Earth.
Introduction
Interplanetary shocks are among the products of eruptive solar events, and they can also accelerate energetic particles which influence the geo-space environment seriously.
So predicting of the shock arrival times (SATs) at Earth is a necessary step for space weather forecast system. Coronal shock waves are counterparts of the interplanetary shocks in corona. The coronal shock waves' origin is still questionable, but generally two eruptive phenomena from the Sun are thought to be responsible: flares and coronal mass ejections (CMEs) [Vršnak and Cliver , 2008] . So most prediction models take the observation data of flares or CMEs as their inputs. Although CMEs are usually associated with flaress [Dryer , 1996] , in this paper we mainly focus on the shocks related with solar flare eruption events.
Among many models built to predict the eruption-driven shock events, there are three famous physics-based eruption-driven shock SAT prediction models, the Shock Time of X -4 LIU AND QIN : IMPROVEMENTS ON STOA cated, which simulates the magnetic fields in solar wind with the effects of the transitions of shocks. ISPM is based on 2.5 MHD simulation, and HAFv.2 is calibrated with 1D and 2D MHD simulation [Sun et al., 1985] . So, STOA is relatively easier to operate and optimize, but its performance is not inferior to ISPM and HAFv.2 models [Fry et al., 2003; McKenna-Lawlor et al., 2006] . In practice, the STOA model is used most extensively among 3PMs.
Transit time of the shock is an important output for SAT prediction models. STOA yields 12 hours root mean square (RMS) error for ∆T (difference between predicted transit time T pre and observed transit time T obs ). Besides other effects, the inaccuracy of the input parameters contribute to the forecast errors of SAT prediction models. Zhao and Feng
[2014] built a new prediction model SPM2 by adjusting the input parameters of SPM model, and SPM2 performed better than SPM. In STOA model, shock is assumed to ride over an isotropic background solar wind plasma flow, so the speed (V sw ) of the flow is one of the input parameters of STOA. However, the shock goes through background solar wind flow with varying V sw during its propagation from the Sun to the observer, and no observation techniques at present could provide V sw accurately over the whole path route of the shock. Furthermore, the 1 AU solar wind velocity at the time of the parent flare event's eruption is used as the speed of the flow in STOA. It is possible to improve the prediction of STOA by providing more reasonable value of V sw .
Not all the coronal shocks would arrive at Earth, eg., some of them may decay to MHD waves which are relatively harmless to the electronic instruments. So a model to predict SATs should use some criterion to predict whether the shock will arrive at Earth before predicting the shock's transit time. number M α at 1 AU to represent the strength of the shock. If M α is greater than 1.0 the model will provide the 'yes' prediction which means there will be a shock observed at Earth, otherwise the model provides the 'no' prediction. In practice, false 'no' prediction may bring damage to satellites in space and some electronic instruments on the ground, and false 'yes' prediction may lead to extra expenses on operation of the instruments and discontinuities of science observations. It is shown that STOA model tends to provide too much 'yes' prediction [McKenna-Lawlor et al., 2006] .
Some research about the criterion for SATs prediction models had been done. Solar flare eruption events not only produce coronal shocks but also emit high energy particles. We build four new SATs prediction methods in this paper. We first describe the data and events used in section 2. In Section 3, we introduce some new methods to predict SATs. In section 4, we compare the performances of different prediction methods. We discuss and summarize our results in section 5.
Data and Events Selection
The parent solar flare eruption events and their corresponding shocks observations at 1 AU used in our work are from the combination of the lists in Fry et al. with shocks at Earth, which are named as 'with shock' (WS) events, and the rest 357 events without shock at Earth are named as 'without shock' (WOS) events.
New Prediction Methods
In the following, we describe some new prediction methods of SATs. The detailed performances check of the methods will be shown in Section 4. to modify M α of STOA with the help of SSN,
Replacing Solar Wind
where k SSN and b SSN are constants, and SSN is the average of daily sunspot number during a time period before the flare event. To get a reasonable SSN, the time period for average of daily sunspot numbers is very important. A too long period would introduce the effects of other solar eruption events which are not related to the shock events.
Here we use 10 day before the flare event as the time period to get the SSN. then no shock will arrive at the Earth.
Using the Flare Events' Angle Distance to Help Predicting the SATs at Earth, a New Prediction Method STOAAD
The angle distance φ between the shock's nose propagation direction and the Sun-Earth line is also important for SATs prediction. It is known that shock nose is the strongest part of shock front, and the shock strength decreases by increasing solid angle distance from shock nose. In STOA model, shock nose is assumed to be in the direction of the parent flare event. Therefore, the angle distance φ can be calculated from the equation 
where f is the peak intensity of soft X-ray during the flare event, and τ is the duration time of the event. Based on the above analysis, we combine the effects of E φ x and the angle distance φ to introduce a new criterion for predicting the SATs,
here E In addition, with 4.7 ≤ C φ x ≤ 5.3 (Region II), the ratio of WS events number and WOS events number is close to 1, which implies the probability for a shock to be detected at Earth is 50%. We take different methods to predict whether the shock will arrive at Earth in the three C φ x intervals. In STOA model, only the shocks with M α > 1.0 will arrive at the Earth. We lower the threshold of M α in Region I. In this region, if M α > 0.8, a 'yes' prediction will be provided. However, a larger threshold for M α , 1.5, is used in region III, which means that only if M α > 1.5 a 'yes' prediction will be provided. In region II, furthermore, we adopt the STOASEP model because its performance on WS events and WOS events are equal. Here, the new method developed is named STOAAD.
Performances of the New Methods
Some variables are used to test the performances of SATs prediction models. The four parameters, hits (h), misses (m), false alarms (fa), and correct nulls (cn) are used to express the success or failure of the forecasts. In addition, success rate (sr), is an important parameter for the evaluation of SATs prediction models. But a prediction model with high value of sr does not necessarily guarantee it a good model. Standard meteorological skills are introduced to help evaluating the performances of the prediction models. Definitions or calculations of these variables are listed as follows,
• Hit (h), shock is predicted and observed at the Earth within ±24 hours • Correct Null (cn), shock is not predicted and no one is observed within 1 ∼ 5 days of the solar flare event
• Success Rate (sr), (h+cn)/(h+m+fa+cn)
• Probability of detection, yes (PODy), h/(h+m)
• Probability of detection, no (PODn), cn/(fa+cn)
• False alarm ratio (FAR), fa/(h+fa)
• Bias, (h+fa)/(h+m)
• Critical success index (CSI), h/(h+fa+m)
• True skill score (TSS), PODy+PODn-1
• Heidke skill score (HSS), (h+cn-C1)/(N-C1)
where N (N=h+m+fa+cn) is the total number of events used in our study, C2=(h+m)(h+fa)/(N), and C1=C2+(fa+cn)(m+cn)/N. provides better forecast for the data set used in our study. Finally, a χ 2 test is used to check the dependence between the observation and prediction.
And the p-values show that we can have enough confidence in these four models.
Form table 4 we can see that the models STOA and STOA ′ yield the same standard meteorological forecast skill scores, except that the RMS ∆T of STOA ′ is smaller. In addition, STOA ′ is relatively simpler than STOA with a constant background plasma speed instead of spacecraft measurement of solar wind speed at 1 AU.
Conclusion and Discussion
Prediction of the shock arrival times (SATs) at Earth is key to the space weather fore- The strength of the shock front will decrease with the increasing of the distance from the shock nose. So it is more possible for a shock to be detected when its nose moves towards the observer. The method STOAAD uses the angle distance between the shock nose direction and the Sun-Earth line to help deciding whether the shock will arrive at the Earth. The new criterion is very helpful to provide better prediction for WOS events.
In summary, all of the new models, STOA ′ , STOASSN, STOASSN ′ and STOAAD make improvement of STOA. STOA ′ performs better on the calculation of transit time of shock than STOA does. However, more work should be done to further optimize the transit time calculation. The other three methods, STOASSN, STOASSN ′ and STOAAD, perform much better on the prediction of the WOS events than STOA, but they also miss more shocks than STOA. So further study are also needed to improve the criteria to predict the possibility of shock's arrival.
All the new models described in the paper are both developed and tested using the same events, E 582 , which can be called all-event-models. It is more reasonable to build models 
